Abstract: The addition of unstabilized carbonyl nucleophiles to allyl-metal fragments still represents a challenge for generating stereoselectively tertiary (and quaternary) stereogenic centers. In this context, the decarboxylative Carroll rearrangement of secondary and tertiary allyl β-ketoesters is particularly interesting since chiral γ,δ-unsaturated ketones are obtained. Herein, we show that CpRu half-sandwich complexes can, in the presence of selected enantiopure diimine ligands, catalyze this transformation and afford complete conversions and decent level of enantiomeric excess. Zwitterionic adducts of a hexacoordinated phosphorus anion and CpRu moieties were also associated and shown to generate air-, moisture-, and microwave-stable catalysts that can be readily purified and recycled. Carroll rearrangements of allylic β-ketoesters performed with these zwitterionic species occur with better regio-and enantioselectivity.
INTRODUCTION
Among the wide variety of synthetic methods allowing the construction of complex molecular structures, one of the most documented is the attack of a nucleophile onto an allyl-metal fragment yielding chiral allylic compounds in (virtually) enantiopure form. One of the benefits of such substitution is that the regioselectivity of the reaction onto unsymmetrical allyl substrates can be controlled by the metal catalyst [1] . In this respect, several ruthenium derivatives have proven to be largely effective for the introduction of nucleophiles at the more substituted position leading to branched (b) rather than linear (l) products (eq. 1) and Cp*Ru derivatives in particular [2] .
These include, among others, the tris(acetonitrile) complex [Cp*Ru(CH 3 CN) 3 ][PF 6 ] 1a from Trost et al. [3] , DAB and 2,2'-bipyridine (bpy) complexes of Bruneau, Demerseman, Renaud, and coworkers (2a and 3a) [4] , 1,5-COD complexes of Kondo, Mitsudo et al. [5] , amidinate of Nagashima *Paper based on a presentation at the 14 th International Symposium on Organometallic Chemistry Directed Towards Organic Synthesis (OMCOS-14), 2-6 August 2007, Nara, Japan. Other presentations are published in this issue, pp. 807-1194. ‡ Corresponding author: Fax: +41 (0)22 379 3215; E-mail: jerome.lacour@chiorg.unige.ch
ENANTIO-AND REGIOSELECTIVE CpRu-CATALYZED CARROLL REARRANGEMENT
In view of the previously mentioned results, initial experiments on the enantioselective Ru-catalyzed variant of the Carroll rearrangement were conducted by the treatment of allylic ester 4a (eq. 2, R = OMe) with catalytic amounts of 1c (2.5 mol % of the tetramer) and box ligand 8 (10 mol %) in CH 2 Cl 2 at room temperature. Unlike the reaction performed in the presence of bpy (15 min., 100 % conv.), poor reactivity was observed in the presence of this bisoxazoline ligand (15 % conv. after 7 days); no enantioselectivity being furthermore achieved (ee 0 %).
Obviously, ligand 8 did not possess the (stereo)electronic requirements for the activation of the ruthenium catalyst. To recover some reactivity, the presence of a pyridine moiety within the framework of the chiral diimine ligand was deemed necessary. Ligand 9a, readily synthesized by the condensation of 2-pyridine-carboxaldehyde and (R)-1-phenyl-propylamine, was prepared and submitted to the reaction conditions. Although very modest, the result was better (45 % conv. after 5 days, ee 13 %) than that of ligand 8. Intensive screening of solvent, temperature, concentration, and metal source (1b and 1c) then afforded effective conditions for the "Carroll" rearrangement; a combination of CpRu complex 1b and ligand 9a (10 mol % each) in THF at 60 °C, allowing the reaction to proceed with good yield and a first decent enantioselectivity (5a: ee 56 %, 20 h, 100 % conv., 95 % yield) [15] . Significantly, no trace of the linear product (6a) was found using the Cp ruthenium catalyst 1b (NMR and GC/MS monitoring). The occurrence of a perfect branched-to-linear (b:l) ratio under the optimized conditions was confirmed in reactions performed with bpy and achiral iminopyridine ligand 9b (Scheme 1). The results are summarized in Table 1 . At that stage, a rather intensive screening of chiral ligands was performed; a selection is presented in Scheme 1. To begin, the nature of the pyridine moiety was varied as substituents were introduced on the aromatic nucleus (9c: p-NMe 2 , 9d: o-Me). Whereas the dimethylamino substituent enhanced the reactivity of the catalyst, the presence of the methyl group at proximity of the coordinating nitrogen atom decreased strongly the reactivity; both modifications being at the expense of the ee. A series of chiral ligands (9e to 9h) was then prepared by condensation of 2-pyridine-carboxaldehyde and other chiral benzylic primary amines [16] . From 9e to 9g, a gradual increase in the enantioselectivity of the allylic substitution was noticed (ee up to 72 %), which is most probably related to the increase in size of the benzylic α-substituent [from Et (9a) to Pr, Bn and then t-Bu]. Finally, a useful level of enantioselectivity was obtained (ee 80 %) when the reaction was performed in the presence ligand 9h prepared from (R)-1-(2-methoxyphenyl)-2,2-dimethylpropan-1-amine [17, 18] . Importantly, in all these examples, the b:l ratio remained excellent with the Cp catalyst as no trace of compound 6a could be observed.
With that result in hand, the asymmetric protocol was extended to allylic esters 4b and 4c (eq. 2, R = H and Cl, respectively). The reaction with unsubstituted 4b proceeded somewhat less selectively in terms of enantio-and regiochemistry (ee 74 % and b:l 94:6). With ligand 9h, (+)-5b was obtained of which a S configuration could be determined by hydrogenation to produce (S)-(2)-4-phenyl-2-hexanone [8b,19] . With 4c bearing a chlorine atom, the reaction was much slower than with 4a and 4b as 5 days were necessary to reach a decent conversion (75 %); the regio-and enantioselectivity remaining strong (ee 66 % and b:l 95:5). The effect of the electron-withdrawing atom on the reactivity being in line with the results of Bruneau and Tunge [4,8b] .
To gain some insight into the nature of the asymmetric transformation and achieve possibly higher level of selectivity, care was taken to perform the asymmetric Carroll rearrangement on a enantioenriched secondary allyl ester to determine (i) if the reaction still occurred stereospecifically under our set of conditions and (ii) if chiral ligands could affect positively (or not) the subsequent selectivity. We selected compound 10b (Table 2) for our study as the configuration of both starting material and product are known. The R and S enantiomers were prepared by olefination of commercially available enantiopure styrene oxide using the protocol developed by Mioskowski et al. and then esterification with diketene (10b, R and S, ee > 99 %, CSP-GC) [20] .
M. AUSTERI et al. To begin, both enantiomers of 10b reacted faster than their linear analog 4b [7a] ; all reactions being completed in less than 10 h in the presence of achiral (bpy, 9b) or chiral ligands (9a, 9h) . The results are summarized in Table 2 . First, as in the case of 4b, non-negligible amounts of linear product 6b could be observed in most of these reactions; the ratios, from 93:7 to better than 99:1, remaining however in line with the result obtained with the linear ester. In all cases, the reactions were stereospecific and a net retention of configuration was observed as (R)-and (S)-10b afforded (R)-and (S)-5b, respectively.
Using achiral bpy as ligand, a rather strong loss of selectivity was observed in our case (ee 46-48 %), something substantially different from that observed by Tunge on the same substrate and different reaction conditions (ee 83-87 %) [8b]. Interestingly, iminopyridine 9b (Scheme 1) led to a better conservation of chiral information (ee 72 %). In the reactions performed with (R)-and (S)-10b in the presence of chiral ligands, 9a and 9h, a rather distinct behavior was noticed. In the case of (S)-10b, a "matched" diastereomeric effect was observed as the reaction was influenced positively by the chiral ligands; (+)-(S)-5b being isolated in much better enantiomeric purity (ee up to 92 %) than in the reaction performed with achiral 9b-something not so unanticipated in view of the tendency of ligands 9a and 9h to favor the formation of the (+)-(S) enantiomer starting from 4b. However, more surprising was the overall lack of (mismatched) influence of the chiral ligands on the reaction with (R)-10b as (-)-(R)-5b was isolated with essentially the same enantiomeric purity as in the reaction performed with achiral 9b; the origin of this difference and the fact that this enantiomer reacts faster than (S)-10b remaining unclear at this moment.
IMPROVED AIR-AND MICROWAVE-STABLE RUTHENIUM CATALYSTS
Although useful, these reactions were, however, performed with usually large amounts of ruthenium catalysts (~10 mol %) and the active complexes are not recovered at the end of the reaction due to their sensitivity to moisture, oxygen, and isolation conditions. To the best of our knowledge, only Bruneau, Renaud, and coworkers have been able to perform multiple catalytic cycles by immobilizing a cationic Cp*Ru catalyst into an ionic liquid phase [21] . Cyclopentadienyl Ru derivatives that would be (i) airinsensitive, (ii) easily synthesized and purified, (iii) catalytically active, and (iv) possibly recoverable and reusable were thus looked for, and they would be important novelties in this field [22] .
Recently, a novel hexacoordinated phosphate anion, namely TRISPHAT-N 11, was also described and proven to be an efficient counterion and ligand altogether able to enter the first coordination sphere of metal complexes [23, 24] . Furthermore, it was shown that the derived zwitterionic metal complexes possess interesting chromatographic, air, and moisture stability. The possibility that 11 would form a stable complex with the mixture of [CpRu(NCCH 3 [23] to the solution of salt 3b led, as desired, to the formation of zwitterionic adduct 12 [25] . This resulting molecule was readily isolated by column chromatography due to the remarkable elution properties bestowed by 11 [ Fig. 1 , R f 0.85 (SiO 2 , CH 2 Cl 2 ), 76 %]. As expected, 12 turned out to be completely air-and moisture-stable [26] . With zwitterion 12 in hands, we turned our attention to its reactivity.
Comparison experiments on the difference in reactivity of complexes 3b and 12 in Carroll rearrangement were conducted by the treatment of allylic ester 4a with catalytic amounts of 3b or 12 (10 mol %) in THF at 60 °C. The reactions proceeded smoothly to generate, in both cases, the branched adduct 5a exclusively. Not too surprinsingly, a longer reaction time was necessary with complex 12 (3b: 100 % conv., 4 h; 12: 100 % conv., 48 h). However, significantly, thin-layer chromatographic monitoring of the reactions revealed that 12, unlike 3b, was surviving the reaction conditions. Zwitterion 12 was moreover readily recovered from the crude mixture by column chromatography (SiO 2 , CH 2 Cl 2 , 85 %). The possibility of reusing the isolated complex as catalyst was tested and subsequent reactions occurred indeed without any loss of efficiency or regioselectivity (5 consecutive runs performed, b:l > 99:1, 84 to 90 % recovery per run).
The longer reaction time required with complex 12 was, however, of concern. Conditions that would improve the kinetics were looked for. Higher temperatures were considered despite the fact that treatment of 4a at 140 °C in a sealed vessel under microwave irradiation yielded the product of rearrangement with a noticeably lower regioselectivity (b:l 4.9:1, Table 3 , entry 2), albeit with only 2 mol % of 3b and 60 min of reaction time. Considering that the lower selectivity was possibly the result of an in situ degradation of 3b into a less selective entity, the reaction was tested with 12 [27] . The results are reported in Table 3 . To begin, the reactions proceeded with perfect regioselectivity in favor of the branched isomer-in sharp contrast to the reaction with 3b. Relatively short reaction times (30 min) were needed with a catalyst loading of 10 mol %. Ultimately, catalyst loading could be lowered to 2 mol % without having an impact on the outcome (95 % conv. b:l > 99:1, 60 min). The benefit of the increased stability given by anion 11 became further apparent in the following preliminary study. As just mentioned, an enantioselective variant of this reaction was recently developed using a 1:1 combination of [CpRu(NCCH 3 ) 3 ][PF 6 ] and enantiopure pyridine imine ligands [28] . Trying to extend the pool of ligands to choose from and determine if a bimetallic catalyst would be beneficial [29] , [CpRu(NCCH 3 ) 3 ][PF 6 ] (2.0 equiv) was treated with tetradentate ligand N,N'-bis(2-pyridylmethylidene)-1,2-(R,R)-cyclohexanediamine 13 (Scheme 3) derived from commercially available 1,2-(R,R)-cyclohexanediamine and 2-pyridine-carboxaldehyde [30] . 1 H NMR monitoring of this experiment indicated the formation of a complex mixture of several CpRu species including three stereoisomeric bimetallic complexes 14 (Scheme 3), which could not be isolated from the crude. [31] . 1 H and 31 P NMR spectroscopy revealed the direct coordination of the anions 11 onto the Ru metallic centers [23] and confirmed, along with ESI/MS measurements, the formation of the proposed structure 15 as a complex mixture of stereoisomers [24] . The asymmetric protocol was tested with mixtures of 14 and 15 (5 mol %) under the classical conditions (THF, 60 °C, 0.5 M, 48 h). Compound 4a reacted to form (+)-5a with, in both cases, excellent regiochemistry (b:l > 49:1) and good conversion (100 and 85 %). The enantioselectivity was however very different as ee values of 57 and 85 % were obtained for 14 and 15, respectively (er 78.5:21.5 and 92.5:7.5). Considering, in the case of 14, that the much lower selectivity might be the result of an in situ degradation of the bimetallic catalysts or of the activity of other species present initially in the mixture [31] , care was taken to follow the selectivity as a function of time. Results are reported in Fig. 2 . A strong time dependence was observed in the case of 14; the enantioselectivity being much lower at the start of the reaction (ee 18 % after 1 h) and reaching essentially the maximal value after 24 h (ee 56 %). In the case of the TRISPHAT-N adducts 15, the monitoring revealed an essentially constant selectivity throughout the reaction, indicating, most probably, that the obtained results are due to the bimetallic catalysts and not to other species.
In conclusion, our studies have described the first Ru-catalyzed asymmetric Carroll rearrangements using simple-to-make unsymmetrical pyridine-imine ligands and a Cp rather than a Cp* source of ruthenium. They have also shown the first synthetic application of an hexacoordinated phosphate anion able to stabilize catalytically active metallic species. The added oxygen and moisture stability that the anion brings allows the isolation and characterization of complexes in regular atmosphere. The important lipophilicity given by the phosphate allows the ready separation of zwitterionic adducts, which in some instances can permit a catalyst reuse after isolation. Furthermore, in the context of the Carroll rearrangement, it is shown that this increased stability improves the regioselectivity of reactions performed under harsh conditions; the enantioselectivity in the case of 15 (ee 85 %) being the highest reported so far in an Ru-catalyzed enantioselective Carroll rearrangement. Currently, several other transformations catalyzed by the CpRu moieties are studied and the methodology of stabilization of unstable reactive species is extended to other organometallic complexes. 
